Background: A combination of olanzapine and samidorphan (OLZ/SAM) is in development to provide the established antipsychotic efficacy of olanzapine while mitigating olanzapine-induced weight gain. Methods: Two multicenter, open-label, parallel-cohort studies were performed to evaluate the effect of moderate hepatic impairment (Child-Pugh score 7-9 [class B]; study 1) and severe renal impairment (estimated glomerular filtration rate: 15-29 mL/min/1.73 m 2 ; study 2) on the pharmacokinetics, safety, and tolerability of a single dose of OLZ/SAM 5/10 mg. Results: There was a 1.67-fold increase in area under the plasma concentration-time curve from time 0 to infinity (AUC 0-∞ ) and a 2.17-fold increase in maximum plasma concentration (C max ) of olanzapine, and a 1.52-fold increase in AUC 0-∞ and a 1.63-fold increase in C max of samidorphan, in subjects with moderate hepatic impairment compared with healthy control subjects. Compared with healthy control subjects, subjects with severe renal impairment had a 33% and 56% reduction in clearance, a 1.51-and 2.31-fold increase in AUC 0-∞ , and a 1.32and 1.37-fold increase in C max of olanzapine and samidorphan, respectively. Conclusion: OLZ/SAM 5/10 mg was generally well tolerated under the conditions of the studies, with a safety profile consistent with that observed in other clinical studies of OLZ/ SAM.
Introduction
Schizophrenia is one of the leading causes of disability worldwide. While a number of effective medications for schizophrenia are currently available, limitations in the tolerability of these medications 1 support continuous efforts in developing additional treatment options. Although clozapine is the most effective treatment available today for treatment-resistant symptoms, safety concerns (eg, agranulocytosis) preclude its use as a first-line antipsychotic. 2 Olanzapine is considered to be a highly effective antipsychotic, 3 but its use has also been curtailed by safety concerns related to long-term metabolic consequences, including weight gain. 1 Preclinical studies have identified the key role of the opioid system in governing food-reward, feeding behavior, and metabolism. In μ-, κ-, and δ-opioid receptor knockout mice, a decrease in weight gain was found compared with non-knockout mice, despite no differences in caloric intake in μand κ-opioid receptor knockout mice. [4] [5] [6] It is hypothesized that the addition of an opioid antagonist to central nervous system-active medications may mitigate metabolic dysregulation. Samidorphan is a new chemical entity. In vitro, samidorphan binds with high affinity to human μ-, κ-, and δ-opioid receptors and acts as an antagonist at μ-opioid receptors and partial agonist at κand δ-opioid receptors. 7, 8 In vivo, samidorphan has been demonstrated to function as an opioid antagonist. 9 A combination bilayer tablet composed of a flexible dose of olanzapine (5, 10, 15, or 20 mg) and a fixed dose of 10 mg samidorphan (OLZ/SAM) 10 is under development and designed to provide the established antipsychotic efficacy of olanzapine while mitigating olanzapine-induced weight gain. 11 In phase 1 and phase 2 clinical studies, co-administration of samidorphan with olanzapine mitigated olanzapine-induced weight gain. 11, 12 Olanzapine is predominantly eliminated via hepatic metabolism, with less than 10% of the administered dose excreted renally as unchanged olanzapine. 13 The disposition of samidorphan was evaluated in a clinical study of 10 healthy male volunteers. Following a single oral dose of 2 mg samidorphan with approximately 50 μCi [ 14 C]-labeled samidorphan, approximately 20% of the dose was renally excreted as unchanged samidorphan, with the remainder eliminated via hepatic metabolism (data on file, Alkermes, Inc., Waltham, MA, USA). Impaired hepatic clearance may impact the pharmacokinetics of olanzapine and samidorphan, as both are extensively hepatically metabolized and eliminated. Although neither olanzapine nor samidorphan is predominantly renally eliminated, it was of interest to investigate the effect of renal impairment on the pharmacokinetics of olanzapine and samidorphan, as kidney disease is a comorbidity in some patients requiring treatment with antipsychotic medications. In addition, chronic renal impairment may affect the pharmacokinetics of hepatically cleared drugs. 14 The effects of hepatic and renal impairment on the pharmacokinetics of olanzapine and samidorphan have been previously evaluated utilizing physiologically based pharmacokinetic (PBPK) modeling (unpublished data). PBPK modeling predicted that mild hepatic or mild renal impairment would have minimal impact on systemic exposure to olanzapine and samidorphan (<1.5-fold increase in total exposure), whereas moderate to severe hepatic impairment would result in >1.5-fold increase in both olanzapine and samidorphan exposure, and severe renal impairment would result in >1.5-fold increase in samidorphan exposure. Given that the concept of using PBPK modeling to prospectively predict drug pharmacokinetics in subjects with hepatic or renal impairment has not been systematically established, 15 2 clinical studies were conducted to assess the effects of moderate hepatic impairment and severe renal impairment on the pharmacokinetics, safety, and tolerability of OLZ/SAM. Data from these clinical studies were used to confirm and refine the PBPK modeling predictions, and in conjunction with PBPK modeling, will be used to inform future dose recommendations of OLZ/SAM in subjects with varying degrees of hepatic and renal impairment. 
Methods

Study design
Both studies were phase 1, multicenter, open-label, single-dose, parallel-cohort studies. Each study was approximately 6 weeks in duration, including a screening period of up to 27 days, an 8-day in-clinic period, and a follow-up visit, approximately 7 days after discharge ( Figure 1 ). On day 1, all subjects received a single oral dose of 5 mg olanzapine in combination with 10 mg samidorphan formulated in a bilayer tablet (OLZ/SAM), taken with 240 mL of water. Subjects were required to fast for at least 10 hrs predose and until 2942 4 hrs postdose. Subjects also fasted 10 hrs prior to the morning assessments taken at days 2 through 8, any screening visit where blood was drawn, and the endof-study follow-up visit.
Study populations
Each study included 2 cohorts (hepatic impairment study: subjects with moderate hepatic impairment and healthy control subjects; renal impairment study: subjects with severe renal impairment and healthy control subjects). Subjects were aged ≥18 to ≤70 years in the hepatic impairment study and ≥18 to ≤79 years in the renal impairment study. For both studies, subjects had a body mass index of ≥18.0 and ≤40.0 kg/m 2 and a total body weight >50 kg at time of screening. In the hepatic impairment study, subjects with moderate hepatic impairment were defined as those having a Child-Pugh score of 7-9 (class B) at the time of screening. Further, these subjects had a history of chronic hepatic dysfunction (minimum of 6 months) due to primary hepatocellular disease, with their diagnosis documented by medical history, liver biopsy, hepatic ultrasound, computed tomography scan, or other standard procedure. They also fulfilled the following inclusion criteria preceding or at the time of screening: stable hepatic function for 2 months before screening, creatinine clearance (CrCl) >60 mL/min (Cockcroft-Gault formula), hemoglobin ≥9 g/dL, platelet count >30×10 9 /L, and international normalized ratio ≤2.0. Healthy control subjects were required to have no clinically significant observed abnormality or psychiatric or medical condition.
In the renal impairment study, subjects with severe renal impairment met the following criteria preceding or at the time of screening: stable renal function for at least 60 days prior to screening; stage 4 renal disease (estimated glomerular filtration rate of 15-29 mL/min/ 1.73 m 2 based on Modification of Diet in Renal Disease), with no existing or anticipated need for dialysis; hemoglobin ≥9 g/dL; alanine transaminase ≤1.5× upper limit of normal (ULN); aspartate transaminase ≤1.5× ULN; and total bilirubin within normal limits.
Healthy control subjects were defined as those with CrCl >90 mL/min.
In both studies, healthy control subjects were enrolled after the cohort of subjects with hepatic or renal impairment. The demographics of the healthy control cohort were matched to the cohort of subjects with hepatic or renal impairment based on median age (±10 years), body mass index (±15%), and gender.
Key exclusion criteria in both studies were as follows: current evidence or history of any other clinically significant medical or psychiatric condition; observed abnormality anticipated to potentially compromise subject safety or affect pharmacokinetic evaluation; history of gastrointestinal surgery affecting drug absorption or biliary elimination, excluding appendectomy or cholecystectomy; consumption of alcohol within 48 hrs of visit 2 or had a positive urine toxicological screen for alcohol at visit 2; inability to abstain from recreational drug use, opioid medication, and any product containing nicotine from screening until study completion.
In the hepatic impairment study, subjects with history of a liver transplant were excluded. In the renal impairment study, subjects with a history of inadequately controlled diabetes were excluded.
Pharmacokinetic sample collection and bioanalytical methods
In both studies, blood samples for plasma pharmacokinetic assessments were collected within 1 hr before dosing (pre-dose) and at 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 12, 16, 24, 36, 48, 72, 96, 120 , and 168 hrs post-dose. In the renal impairment study, urine pharmacokinetic samples were also collected in intervals from −2 to 0, 0 to 4, 4 to 8, 8 to 12, 12 to 16, 16 to 24, 24 to 36, 36 to 48, 48 to 60, 60 to 72, 72 to 84, 84 to 96, 96 to 108, 108 to 120, 120 to 132, 132 to 144, 144 to 156, and 156 to 168 hrs post-dose. In both studies, blood samples were collected pre-dose and at 5 hrs post-dose for the determination of plasma protein binding of olanzapine.
Plasma concentrations of olanzapine and samidorphan were analyzed using a validated liquid chromatography system coupled with detection by tandem mass spectrometry (LC-MS/MS) method. 16 The linear range of the plasma assay was 0.250 ng/mL to 100 ng/mL, and the lower limit of quantitation (LLOQ) was 0.250 ng/mL for both olanzapine and samidorphan. Similarly, concentrations of olanzapine and samidorphan in urine were analyzed using a validated LC-MS/MS method. The linear range of the urine assay was 2.50 ng/mL to 2500 ng/mL, and the LLOQ was 2.50 ng/mL for both olanzapine and samidorphan. Both plasma and urine samples were analyzed by an independent bioanalytic laboratory (Covance/Tandem, Salt Lake City, UT) in accordance with Good Laboratory Practice guidelines.
Outcome measures
Pharmacokinetic assessments of olanzapine and samidorphan included the following parameters: maximum observed plasma drug concentration (C max ), area under the plasma drug concentration versus time curve (AUC) from time 0 to last quantifiable concentration (AUC last ) and to infinity (AUC 0-∞ ), time to C max (t max ), terminal elimination half-life (t 1⁄2 ), total body clearance (CL/F), and volume of distribution (V z /F). In addition, the extent of plasma protein binding of olanzapine was determined based on samples collected at 5 hrs postdose. In the renal impairment study, the following parameters were also determined: renal clearance (CL R ), amount of drug excreted in urine (Ae) over each collection interval, and total amount of drug excreted in urine from 0 to 168 hrs after the dose (Ae 0-168 ).
Safety assessments included monitoring for adverse events (AEs); vital sign changes; abnormal laboratory values; and electrocardiogram (ECG) changes.
Pharmacokinetic and statistical analyses
Pharmacokinetic parameters were calculated by a standard noncompartmental analysis using elapsed time from dosing to estimate individual plasma and urine pharmacokinetic parameters, and are summarized descriptively. An analysis of covariance model was used to analyze natural log-transformed systemic exposure parameters (ie, C max , AUC last , and AUC 0-∞ ) for olanzapine and samidorphan. Geometric mean ratios of each of the exposure parameters between subjects with hepatic or renal impairment and healthy control subjects and their 2-sided 90% confidence intervals were calculated.
Results
Subject disposition
In the hepatic impairment study, 10 subjects with moderate hepatic impairment and 11 healthy control subjects were enrolled. All 21 subjects received a single dose of OLZ/SAM and were included in the safety population analysis. The pharmacokinetic population included all subjects in the safety population, except for 1 healthy control subject who had a serious AE (syncope) within hours after dosing. This resulted in insufficient samples collected for estimation of pharmacokinetic parameters for this subject.
In the renal impairment study, 10 subjects with severe renal impairment and 10 healthy control subjects were enrolled. All 20 subjects received a single dose of OLZ/ SAM and were included in the safety and pharmacokinetic populations for analysis.
Subject demographics and baseline characteristics
Subject demographics and baseline characteristics are summarized in Table 1 , and were balanced between cohorts. The mean (SD) Child-Pugh total score for subjects with moderate hepatic impairment was 7.5 (0.7), and the mean (SD) estimated glomerular filtration rate for subjects with severe renal impairment was 22.5 (3.8) mL/min/1.73 m 2 .
Pharmacokinetics Hepatic impairment study
Pharmacokinetic parameters for olanzapine and samidorphan in subjects with moderate hepatic impairment and healthy control subjects are summarized in Table 2 . Mean plasma concentrations of olanzapine ( Figure 2A ) and samidorphan ( Figure 2B ) were higher in subjects with moderate hepatic impairment compared with healthy control subjects after a single oral dose of OLZ/SAM (Table S1 ). Absorption of olanzapine was faster in subjects with moderate hepatic impairment compared with healthy control subjects, with median t max values of 1.5 hrs and 7 hrs, respectively. Absorption of samidorphan was fast, with median t max observed within 1 hr in both cohorts. The t 1/2 of both olanzapine and samidorphan in subjects with moderate hepatic impairment was similar to that in healthy control subjects.
Compared with healthy control subjects, subjects with moderate hepatic impairment had a 45% and 36% reduction in CL/F of olanzapine and samidorphan, respectively, and a 41% and 17% reduction in V z /F, respectively. AUC 0-∞ values of olanzapine and samidorphan were 1.67-and 1.52-fold higher, and C max values of olanzapine and samidorphan were 2.17-and 1.63-fold higher, respectively, in subjects with moderate hepatic impairment compared with healthy control subjects (Table 3) . Olanzapine was approximately 92% bound to plasma protein in both cohorts.
Renal impairment study
Pharmacokinetic parameters for olanzapine and samidorphan in subjects with severe renal impairment and healthy control subjects are summarized in Table 4 . Mean plasma concentrations of olanzapine ( Figure 3A ) and samidorphan ( Figure 3B ) were higher in subjects with severe renal impairment compared with healthy control subjects after a single oral dose of OLZ/SAM (see Table S2 , which also summarizes mean urine concentrations of olanzapine and samidorphan). The t max values of olanzapine and samidorphan were similar in subjects with severe renal impairment and healthy control subjects ( Table 4 ). The t 1/2 of olanzapine was longer in subjects with severe renal impairment compared with healthy control subjects (58 hrs vs 46 hrs). Similarly, t 1/2 of samidorphan was 17 and 11 hrs, respectively. Compared with healthy control subjects, subjects with severe renal impairment had a 33% and 56% reduction in CL/F of olanzapine and samidorphan, respectively, and a 50% and 81% reduction in CL R , respectively. AUC 0-∞ values of olanzapine and samidorphan were 1.51-and 2.31-fold higher, and C max values of olanzapine and samidorphan were 1.32-and 1.37-fold higher, respectively, in subjects with severe renal impairment compared with healthy control subjects (Table 5 ). Olanzapine was approximately 90-91% bound to plasma protein in both cohorts.
Safety Hepatic impairment study
In total, 18 (86%) subjects experienced at least 1 AE: 10 in the moderate hepatic impairment cohort and 8 in the control cohort ( Table 6 ). All AEs were considered by the investigators to be related to the study drug. Overall, the most common AEs (reported in ≥2 subjects) included somnolence (81%), dizziness (29%), and hypotension (10%). These AEs had an earlier onset in subjects with moderate hepatic impairment; however, they were mild in severity. Two healthy control subjects experienced severe AEs (hypotension, n=1; syncope, n=1). The AE of syncope was considered a serious AE, occurred approximately 6 hrs after dosing, and resulted in an overnight hospitalization; the patient recovered the next day and continued in the study. No deaths or study discontinuations were reported.
Renal impairment study
In total, 12 (60%) subjects experienced at least 1 AE: 7 in the severe renal impairment cohort and 5 in the healthy control cohort ( Table 7) . All AEs were considered by the investigators to be related to the study drug. Overall, the most common AEs (reported in ≥2 subjects) were somnolence (25%), dizziness (15%), nausea (15%), abdominal pain (15%), and lethargy (10%). Except for somnolence, these AEs were reported more frequently in subjects with severe renal impairment. The majority of AEs were mild in severity. Two healthy control subjects experienced AEs that were severe in intensity (syncope and orthostatic hypotension, n=1; hypotension, n=1); neither of these met the criteria for a serious AE. No deaths or study discontinuations were reported.
Discussion
In the hepatic impairment study, subjects with moderate hepatic impairment had faster absorption and higher systemic exposure of olanzapine compared with healthy control subjects. The effect of moderate hepatic impairment on the pharmacokinetics of olanzapine was more pronounced than previously reported, where there was no statistically significant differences in olanzapine pharmacokinetic parameters between subjects with mild/moderate hepatic impairment and healthy subjects. 17 However, the results of the previous study are limited by 2 key considerations: 1) subjects were neither age-nor gender-matched and 2) 50% of subjects in the hepatic impairment cohort were smokers as compared to only 25% of subjects in the control cohort. 17 Smoking is known to induce CYP1A2, the primary CYP enzyme responsible for metabolizing olanzapine. 17 As olanzapine clearance is higher in smokers and in men, 17 the previous study may have underestimated the effect of hepatic impairment on the pharmacokinetics of olanzapine due to imbalance of these confounding factors. Consistent with the increases in olanzapine and samidorphan exposure in subjects with moderate hepatic impairment, clearance of both drugs was decreased. However, as the volume of distribution of both drugs was also decreased, the t 1/2 of both olanzapine and samidorphan was similar in subjects with moderate hepatic impairment and healthy control subjects, indicating that the elimination rate of either drug was not affected. The increase in olanzapine exposure in subjects with severe renal impairment was small (geometric mean ratio of 1.32 and 1.51 for C max and AUC 0-∞ , respectively; Table 5 ). This is consistent with renal excretion being a minor clearance pathway for olanzapine and findings from the previous study by Callaghan et al, in which no significant changes in olanzapine pharmacokinetics were observed in subjects with severe renal impairment. 17 Subjects with severe renal impairment had a higher systemic exposure of samidorphan compared with healthy control subjects, consistent with a 56% reduction in total body clearance. However, t max was similar between the cohorts, whereas t 1/2 was slightly longer in subjects with severe renal impairment. These results suggest that severe renal impairment largely affects elimination, but not absorption, of samidorphan. The lower reduction in urine excretion and renal clearance of olanzapine compared with samidorphan in subjects with severe renal impairment is likely because renal excretion plays a smaller role in the clearance of olanzapine than that of samidorphan (7% 18 vs 20% [data on file, Alkermes, Inc., Waltham, MA, USA], respectively). Consistent with published data, 18 the fraction of olanzapine bound to plasma protein was 90-92% in both studies. Although hepatic impairment can alter protein binding and potentially lead to increased systemic concentrations of free active drug, 19 in both studies, the fraction of olanzapine bound to plasma protein was similar in subjects with moderate hepatic impairment or severe renal impairment and in healthy control subjects. In the present study, a 5-mg olanzapine dose was chosen due to tolerability concerns in healthy volunteers, should exposures be elevated in subjects with hepatic and renal impairment. Given that the pharmacokinetics of olanzapine is linear over the commercial dose range of 2.5 mg to 20 mg, 17 and there are no pharmacokinetic drug-drug interactions between olanzapine and samidorphan when the two drugs were administered in combination as a bilayer tablet, 10, 16 it is expected that the findings in the present studies are applicable to the entire intended commercial dose range of OLZ/SAM.
The sample size chosen for the studies reported here is in accordance with the regulatory guidelines on Abbreviations: AUC last , area under the plasma concentration-time curve from time 0 to last observed concentration above the lower limit of quantification; AUC 0-∞, area under the plasma concentration-time curve from time 0 to infinity; CI, confidence interval; C max , maximum observed concentration; OLZ/SAM, olanzapine/samidorphan. Note: a Median (min, max) presented for t max .
Abbreviations: Ae 0-168 , total amount of drug excreted from 0 to 168 hrs after dosing; AUC last , area under the plasma concentration-time curve from time 0 to last observed concentration above the lower limit of quantification; AUC 0-∞, area under the plasma concentration-time curve from time 0 to infinity; CL/F, apparent clearance; CL R , renal clearance; C max , maximum observed concentration; OLZ/SAM, olanzapine/samidorphan; SD, standard deviation; t max , time to maximum observed concentration; t ½ , terminal elimination half-life; V z /F, apparent volume of distribution. pharmacokinetic studies in patients with hepatic or renal impairment 20-23 and not based on statistical considerations. Due to enrollment difficulties, it has been traditionally accepted that a sample size of approximately 8 subjects per group should be sufficient in providing a fit-for-purpose estimation of the effect of hepatic and renal impairment on pharmacokinetics. 20,24 A sample size of 10 evaluable subjects per cohort utilized in the studies reported here was regarded as adequate to attain reliable results and to fulfill the objectives and requirements of the studies.
A higher intersubject variability in olanzapine and samidorphan pharmacokinetic profiles was noted in hepatically and renally impaired subjects as compared with the healthy control subjects (Figures 2 and 3 ). This result was likely caused by alterations in drug bioavailability and clearance due to chronic hepatic or renal disorder and/or potential pharmacokinetic interactions with concomitant medication received by subjects with hepatic or renal impairment.
Overall, OLZ/SAM was generally well tolerated. AEs were typically consistent with those observed in other studies of olanzapine alone or OLZ/SAM. 10, 18, 25 The early onset of the most commonly reported AEs (somnolence, dizziness, and hypotension) in subjects with moderate hepatic impairment was consistent with the earlier t max of olanzapine observed in this cohort; however, the AEs were mild in severity.
Conclusion
There was a 1.67-and 2.17-fold increase in AUC 0-∞ and C max of olanzapine, respectively, and a 1.52-and 1.63-fold increase in AUC 0-∞ and C max of samidorphan, respectively, in subjects with moderate hepatic impairment compared with healthy control subjects. Compared with healthy control subjects, Abbreviations: AUC last , area under the plasma concentration-time curve from time 0 to last observed concentration above the lower limit of quantification; AUC 0-∞, area under the plasma concentration-time curve from time 0 to infinity; CI, confidence interval; C max , maximum observed concentration; OLZ/SAM, olanzapine/ samidorphan. subjects with severe renal impairment had a 33% and 56% reduction in total body clearance, a 1.51-and 2.31-fold increase in AUC 0-∞ , and a 1.32-and 1.37-fold increase in C max of olanzapine and samidorphan, respectively. OLZ/ SAM was generally well tolerated under the conditions of the studies, with a safety profile consistent with that observed in other completed clinical studies to date. 
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